Abstract-Power loading on beamline components in the DIII-D neutral beam system is measured using water flow calorimetry. The results are used to benchmark beam transport models. Anomalously high heat loads in the magnet region are investigated and a speculative hypothesis as to their origin is presented.
INTRODUCTION
The DIII-D National Fusion Facility's eight positive-ion neutral beams are the dominant form of auxiliary heating with up to 83keV particles and greater than 2 MW available per ion source [1, 2] . Since beams dominate the heating, even higher neutral beam injection (NBI) powers and longer maximum NBI pulse lengths are required for experiments on this tokamak to provide an everbroadening data set that is relevant to future fusion devices such as ITER. A physics model of the DIII-D neutral beams is being developed in order to guide engineering decisions as the beamlines and sources are modified in order to provide higher NBI and longer pulse lengths [3] . In order to benchmark this model's predictive capabilities, scans in perveance, voltage, and neutralizer gas flow rate have been performed and water flow calorimetry (WFC) [4, 5] data was acquired for all beam-and ion-facing internal copper components (Fig. 1) . The WFC data for beam scrape-off energy deposition on the internal collimators will be compared to the model's predictions. In addition, the special case of the model's predictions for the depositions on the ion separation magnet pole shields will be addressed with the implications on higher power and longer pulse length limits.
The present configuration of the neutral beam accelerators is a tetrode design with the same intergrid spacing on all sources. Each beam is comprised of 55 slit beamlets that form between adjacent rails on each grid. In order to minimize power loading on the accelerator and beamline components while simultaneously maximizing power delivered to the tokamak, the beams are operated in the regime where the beamlet divergence is minimized. Minimum beamlet divergence is obtained at the "perveance match" condition. Fig. 1 . Schematic of the DIII-D Neutral Beamline with all beamfacing water flow calorimetry components (source collimator, neutralizer, gas baffle, magnet entrance, ±deviant ion dumps, magnet pole shields, magnet exit, louvers, beam dump calorimeter, ion return, and absolute collimator). The schematic shows the paths of the positive ions (+), negative ions (-), and neutrals (0) when the ion separation magnet is turned on as it is for NBI; however, during NBI the beam dump calorimeter would be moved out of the way (down). Source gas is puffed into the source on the left while neutralizer gas flow is traditionally puffed into the neutralizer box. When the bending magnet is off, the upper and lower trajectories disappear and ions as well as neutrals end up in the beam dump calorimeter.
II. DESCRIPTION OF BEAM OPERATIONAL

PARAMETERS
For slit beams the perveance match condition is approximately [6] CL beam 
Here a is half the distance between the rails, d is the effective distance between the grids [7] , m is the mass of the accelerated species, and the other symbols have their usual meaning. Fig. 2 shows some modeling results using the actual geometry of the ion source grid rails. Fig. 2 . Cross-section simulation of tetrode accelerator with equipotential lines in blue and particle trajectories in red. In this diagram, the space between adjacent rails, 2a, on the same grid is shown as the vertical magenta line while the space between adjacent grids, d, is horizontal. From the left and in order of the extracted ion path, they are referred to as the plasma (or accelerator) grid, gradient grid, suppressor grid (for suppressing backstreaming electrons), and exit grid. Currents measured in the first three grids are denoted as Iacc, Igg, and Isuppr, respectively.
Originally all the sources operated optimally at beam perveances of ~2.9×10 -6 A/V 3/2 . In order to facilitate longer beam shots some sources had their apertures reduced from 12×48 cm to 10×48 cm in order to limit power at the edges of the beam. These reduced aperture masking plate (RAMP) sources operate optimally at perveances of ~2.5×10 -6 A/V 3/2 . The optimum operational perveance is determined empirically as the minimum in Igg for tune scans in perveance space as shown in Fig. 3 . Such scans are performed by holding V accel , source gas flow, and neutralizer gas flow constant while varying the plasma density via arc discharge power regulation that functions on a feedback loop from an array of six Langmuir probes in the arc chamber of each source.
III. WFC SYSTEM DESCRIPTION
The DIII-D beamline WFC systems monitor temperature differences for the inlet and outlet pipes of the inertially-cooled copper scrape-off collimators and dumps with Ethernet-based thermocouple readers and a new Qt C ++ based GUI that runs on a Linux server using libraries developed here at DIII-D [8] . As Fig. 3 . Plot of the standard perveance tune scan. The optimum perveance for each ion source is at the minimum for deposition to the gradient grid rails. The gradient grid current (Igg) is normalized to Iaccel (or "plasma") grid current to minimize the contribution of higher arc chamber plasma densities to the appearance of the curve. Stronger focus sources are RAMP sources with beam focal lengths shorter than other sources.
the beam particles hit the copper components, they transfer some or all of their energy to the copper surface. The heat is conducted to the bulk of the copper plates and then to the cooling water through thin-walled stainless tubes or directly through gundrilled holes (the set of 8 NBI systems has a mixture of these two configurations). For each WFC channel (one per collimator or dump) a measurement of the deposited energy (E) is made from measurements of the mass flow rate of the water for that channel as well as the difference in temperature between the inlet pipe and the outlet pipe (ΔT H2O ) throughout the duration of the time required to return to the base temperature. For each time step, Δt, if m H2O is the mass of water measured during the time step and c H2O is the specific heat of water, then the energy measured is
(
The numerical integration to find the total energy deposited into each WFC channel is performed by C ++ codes via the trapezoidal rule for non-uniform temporal grids (assuming a constant flow rate and density) via
where f H2O is the flow rate of water in gpm, ρ H2O is the density of water in kg/gal, τ is 60 s/min, t i+1 and t i are the timestamps when ΔT i+1 and ΔT i were sampled, respectively, and t final is the timeslice when thermal equilibrium is reached for the entire system of 10-12 WFC channels. All of the deposited energy, apart from losses to radiative cooling, is then accounted for by (2) .
In some previous versions of the WFC program that ran on stand-alone Windows OS computers, there was an incorrect assumption that sampling of the ΔT values occurred at a steady 1 Hz sample rate. Over the typical ten-minute integration time for the WFC system to return to thermal equilibrium after a shot, the errors due to this assumption reached appreciable levels depending on how many jobs the computer was handling. The new method logs very accurate time stamps and accounts for the lack of uniformity in the integration time stamp intervals with (2) .
Sample scans of WFC measurements of deposited energy on selected collimators with different perveances are shown in Figs. 4 through 6. Fig. 4 shows a perveance scan for the standard 12×48cm source with the magnet off. The transmission efficiency of the beamline system results in 72-88% of the input energy measured in the form of accelerated neutrals and ions into the beam dump calorimeter. The calorimeter power loading exhibits a maximum and the beam scrape-off collimators (i.e., the gas baffle, magnet entrance, and magnet exit) exhibit minima; these extrema represent the optimum perveance for transmission of the beam through the beamline and the perveance for minimal beam scrape-off losses, respectively. For the source in Fig. 4 , both extrema are shifted toward higher perveance from the optimum operational perveance. The perveance for optimum transmission through the beamline components is often different from the optimum operational perveance determined from Igg minima in tune scans. The uncoupled nature of these transmissions makes for at least a two-stage modeling process. The model must first predict the evolution of the aggregate of the 55 beamlets as they traverse the distance to the tokamak plasma, then it must account for the apertures and positions of collimators and dumps as the model analyzes the interactions of the beamlets with the beamline's internal components. As such, benchmarking has been performed for select collimators at this stage so that the model might incorporate some of these nuances. Once these nuances have been worked out for the three types of sources and a variable array of collimator positions, the model will be ready to predict power depositions on components that have not yet been installed. Fig. 5 . A plot of the same source as Fig. 4 , but with the ion separation magnet on. The magnet exit collects more energy and appears to become largely perveance independent. The pole shields now collect appreciable energy and exhibit unique behavior.
In Fig. 5 , a WFC scan in perveance for the same full-aperture source is shown, but with the ion separation magnet on. Now the calorimeter shows just the energy from the neutrals, while the magnet exit shows increased deposition. This increase is due to ion deposition in the bending magnet region. The magnet exit collimator WFC channel for this source incorporates the louvers and ±deviant ion dumps. The magnet pole shield channel exhibits appreciable energy deposition with the magnet on. Although it is not shown here, the ion return collimator exhibits a maximum for a specific value of perveance, just like the calorimeter, but the ion dump is curiously perveance-independent over this range of perveances. Fig. 6 shows a system for which the maximum transmission to the calorimeter occurs at roughly the Igg-derived optimum perveance, while the beam scrape-off minima occur at higher perveance values just like the system in Figs. 4 and 5. Of special note is the pole shield deposition in Fig. 6 for it shows evidence of a plateau rather than a maximum. This is examined in more detail in Sec. IV. Also featured in Fig. 6 is the current model's predictions for deposition on the magnet entrance collimator. This shows fairly good agreement with the empirical data for this first prediction. Fig. 7 shows the beam cross-sections predicted by the model for a full-aperture standard DIII-D ion source as the beam propagates down the beamline and scrapes off on the collimators. Fig. 6 . A plot of the same source as Fig. 4 , but with the ion separation magnet on. The magnet exit collects more energy and appears to become largely perveance independent. The pole shields now collect appreciable energy and exhibit unique behavior.
IV. SPACE CHARGE EFFECTS IN THE MAGNET REGION
A. Background
For fusion application neutral beams of high brightness and low divergence are required. This origin of the intrinsic beam divergence is threefold 1. Accelerator geometry 2. Ion source operating parameters 3. Space charge effects The DIII-D neutral beam system and similar highpowered fusion systems are designed and operated so as to minimize beam divergence. In regard to the neutralized beam, optimization is primarily achieved by addressing accelerator geometry and ion source parameter issues. The effect of space charge forces is insignificant in typical positive ion passed systems since there is a high neutral gas density in the neutralizer. The interaction of the beam and the neutral gas creates a low-temperature, quasi-neutral plasma with a density of one to two orders of magnitude greater than the ion density of the beam. This plasma arranges itself so as to shield the beam ions from each other thus avoiding the Coulomb forces that tend to diverge the beam [9] .
However, after the beam has passed through the neutralizer the trajectories of the neutral particles are fixed but the un-neutralized particles, i.e. the residual ions, may still be influenced by space charge forces. The degree to which they are influenced by space charge forces is determined by the conditions they encounter on their path.
A critical component of the neutral beam system is the ion removal system. This consists of a bending magnet to deflect residual ions, a water cooled copper ion dump and other beam facing and scraping components that absorb the power of the remaining ions after neutralization equilibrium is achieved in the neutralizer. The residual ions account for up to 55% of the total extracted power depending on the beam voltage.
Space charge forces were not considered when the ion removal system was designed in the 1980s. Neglecting space charge forces, the ion removal system should be able to transport the residual ions to the ion dump with negligible (< 1%) ion energy transfer to the magnet pole regions, which are protected by ½"-thick water cooled copper plates known as pole shields.
B. WFC measurements in the ion removal system.
Water flow calorimetry measurements on the pole shields are presented in Figs. 8 through 10. Fig. 8 is Fig. 7 . Beam model graphical reepresentation. The top sequence is the model of a standard, full-aperture ion source's beam as it propagates down the beamline from left to right. The bottom sequence is the deposition pattern on the scrape-off collimators. The first slide of the top image clearly shows the gaps between the four 14-rail subassemblies for each grid. The beam develops into an upper lobe and a lower lobe by the second slide at the source collimator. The outboard grid rails are canted at a 1.1° angle toward the center of the beam to give the beam its focal length, so these beamlets aggregate in a short distance. The upper and lower lobes aggregate into one at about the location of the absolute collimator (last slide on top). a perveance scan on the pole shields. Typical perveance scans on the beam-intercepting components are parabolic in shape with a local minimum at the optimum perveance; however, the behavior of the pole shields is markedly different. Data here is presented for cases with the magnet on and also with the magnet off. In the case with the magnet off, the energy deposited on the pole shields is negligible as expected. However in the case with the magnet on, i.e. where the residual ions are being shields is negligible as expected. However in the case with the magnet on, i.e. where the residual ions are being deflected into the ion dump, the energy intercepted by the pole shields is a significant portion of the total residual ion energy. The magnitude and shape of the curve strongly suggest that intercepted power is not dependent on the normal factors governing beam divergence but must be due to space charge forces. Fig. 9 shows WFC measurements as a function of beam energy. Again what is remarkable is that with the magnet off the energy absorbed by the pole shields is negligible but with the magnet on the energy deposited is increasing exponentially with beam energy. This has very serious consequences for any proposed upgrades that feature increased beam energies.
In Fig. 10 , data is presented from a neutralizer gas flow scan. These scans are routinely performed to measure the efficiency of the neutralization process. The neutralizer gas system is not designed to put gas in the magnet region but inevitably some of the neutralizer gas ends up in the magnet region. The results show that with the magnet off the energy measured on the pole shields is negligible but when the magnet is turned on, the pole shield energy varies from 800 kJ to 400 kJ for a 1.5 second beam shot. The energy decreases with increasing gas load. The increase in neutralization efficiency due to increased Fig, 9 . WFC scan of Vaccel showing exponential increases in energy deposition on pole shields as Vaccel is increased. Fig. 10 . Energy deposition on the pole shields in kJ. For higher values of neutralizer flow, more of the energy is deposited in the ion dump than on the pole shields themselves. As the neutralization efficiency plateaus out, we see further transfers of energy deposition from the pole shield to the dump. gas loads means fewer residual ions are being deflected through the magnet, but this can only account for part of the decrease in energy deposited on the pole shields. Considering the ratio of energy deposited on the pole shields to that deposited on the ion dump, it is shown that the ratio decreases with gas load from 87% to 54% over the range of the gas scan. Remarkably, the neutralizer efficiency plateaus at 10 torr-L/s but the ratio continues to decrease beyond that, albeit at a lower rate than before the plateau. Energy loading on beamline components before and after the magnet region does not exhibit behavior of this kind. This is strong evidence that:
1. The ion beam has increased effective divergence in the magnet region when the magnet is turned on. 2. The magnet region divergence is dependent on the gas load in the magnet region. The most plausible hypothesis to explain the anomalously high heat loads on the pole shields is that the beam suffers from incomplete space charge neutralization in the presence of the magnetic field. Incomplete space charge neutralization can induce very large radial electric fields that cause the beam to blow up (i.e., produce large radial motions of particles) [10] .
The behavior with respect to gas loading is qualitatively consistent with incomplete space charge neutralization in that the neutralizing plasma that is required for ion beam propagation is dependent on there being sufficient neutral gas to ionize though the discrepancy between the magnet on case and the magnet off case suggests that electron mobility is the dominant factor in the system.
A deeper understanding of the problem requires solving Poisson's equation for this complex beamplasma system with and without the presence of magnetic fields. This is beyond the scope of this study but will be the subject of a future publication.
As the pole shields are presently a limiting factor in the efforts to increase power to DIII-D it is imperative that a fuller understanding of the problem is achieved. Fig. 10 suggests that more gas in the magnet region reduces the heat load so experiments are presently planned to explore this further by introducing gas in closer proximity to the magnet entrance. The risk inherent with regard to gas in the magnet region is that charge exchange collisions cause reneutralization of the ion beam that will make fast particles in trajectories tangential to the ion beam path. However, the magnet louvers could be modified to CuCrZr or TZM just as other beam-intercepting components were recently modified in recent upgrades at DIII-D (cf. section six of reference [11] ). Data from future scans will reveal if reneutralization of the ion beam warrants such a modification.
V. CONCLUSION
The WFC system has been shown to be a valuable diagnostic capable of validating beam transport models and identifying problems with the neutral beam system as the beams at DIII-D move toward higher beam energies and longer on-times. 
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